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Abstract: Phase alignment of periodic events between multiple systems is required in multiple fields
and applications. Most of the existing solutions focus on either low frequency and relatively low
accuracy or high complexity, high accuracy and precision. In contrast, this work aimed to develop
an intermediate solution, supporting high frequencies and relatively high accuracy and precision,
with relatively low complexity. A hypothetical concept and mathematical model is presented with a
hardware test implementation based entirely on FPGA resources. Deliberate resource selection and
utilization enables a significant simplification of calculations and, as a result, a reduction in logic
resource utilization. The proposed concept was implemented and verified using the AMD/Xilinx
Artix 7 35T FPGA platform.

Keywords: field-programmable gate array (FPGA); phase alignment; phase synchronization; clock
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1. Introduction

The importance of the synchronization of multiple individual systems increases with the
demand for higher precision, reliability, and performance in electronics. Two primary kinds
of synchronization models can be distinguished: time synchronization and phase alignment
(or phase synchronization). The former focuses on high-level clock synchronization, usually
in the range of milliseconds to tens of nanoseconds. Protocols such as NTP or PTP (IEEE
1588–2008 and prior) have been designed for this type of synchronization. The latter focuses on
phase alignment of periodic events, such as the synchronization of multiple signals generated
separately in multiple distinct systems. Some projects combine these two types to achieve up
to sub-nanosecond accuracy and picosecond precision of synchronization [1,2].

Phase alignment between multiple systems is widely utilized in multiple applications,
including acoustic tracking for accurate time-of-flight measurements [3], active sonars and
AUV testing [4], power supplies for plasma materials processing [5], radar systems mod-
eling and testing [6], 5G multiple-input multiple-output (MIMO) transmitters [7], physics
experimental devices [8,9], phasor measurement units [10], and more. This work’s moti-
vation was to develop a relatively simple clock signal phase alignment mechanism for a
system consisting of multiple individual ASIC (application-specific integrated circuit) or
FPGA (field-programmable gate array) devices, using the least possible number of signals.

One of the most frequently used methods for phase synchronization is periodic re-
alignment to a received synchronization pulse. Between the pulse intervals, the clocks
involved continue running autonomously at the same frequency. If synchronization pulses
are lost, the clocks remain untouched, maintaining a semi-synchronized state, with increas-
ing mutual offset due to drifting crystal oscillators. After an appropriate synchronization
pulse has been detected, the internal receiving timers are set to a predefined value, resetting
the offsets to zero. A schematic diagram of the actual synchronization procedure is given
in Figure 1. Besides being simple, this method is tolerant to missing sending pulses [3].
However, its resolution is fundamentally limited to a system clock period. The precision
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can be further limited by a degraded rise or fall time of the synchronization pulse. A
very similar method is used in many applications, such as National Instruments NI-TClk
Technology [11].

Transmitter
(master)

timer

Transmitted
synchronization

pulse

Received
synchronization

pulse

Tracking unit
(slave) timer

Figure 1. Concept of synchronization using period pulse realignment.

Another well-known phase alignment method is used in the white rabbit (WR) proto-
col. WR is an extension of the IEEE 1588 precision time protocol (PTP), initially developed
to serve accelerators at the European Organization for Nuclear Research (CERN) and
widely used in scientific installations. It utilizes the cooperation between Layer 1 (L1)
syntonization and PTP synchronization, in order to achieve clock phase alignment and
time synchronization up to sub-nanosecond accuracy and picosecond precision of syn-
chronization [1,2]. While the white rabbit project is a good option for relatively large scale
systems, at the same time it is very complex, and requires relatively large FPGA chips
and additional external components, such as separate phase-locked loops (PLL) or voltage
controlled oscillators (VCO). The WR network also requires the usage of dedicated white
rabbit switches—the key component of any WR installation [12]. A schematic diagram of
white rabbit L1 clock generation and distribution is depicted in Figure 2. As a result, it
might not be the preferred solution for relatively small systems, such as synchronization
of multiple chips, together forming a single device. For these types of systems, the white
rabbit protocol might be excessive.
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Figure 2. Simplified block diagram of clock syntonization and distribution in white rabbit (adapted
from [1,12]).
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In addition to the methods mentioned above, several patents have addressed the issue
of phase alignment to ensure multiple system synchronization [13–15].

This paper is organized as follows: Section 2 describes the theoretical background
and concept architecture of the clock signal phase alignment system. Section 3 presents
a proof-of-concept hardware application using commercial FPGA development boards.
The methodology of design verification and measurements is described in Section 4. The
results are presented in Section 5. The paper ends with the conclusions.

2. Concept Design Architecture

The initial theoretical concept of the discussed clock signal phase alignment system
was introduced in [16]. Since then, the design has been refined, implemented, and verified
in hardware FPGA structure. This paper presents the developed concept with a hard-
ware proof-of-concept implementation and results verification. This section presents the
developed universal concept, followed by the FPGA-specific implementation details in
Section 3.

The general block diagram of the proposed architecture is depicted in Figure 3. It includes
individual delays of internal components, as well as delays of the interconnects between them
on the clock synchronization paths. These delays are included in the mathematical calculations
discussed subsequently. A single node is composed of the following modules:

• Phase Shifter/Delay Chain—programmable block shifting/delaying the periodic
input signal by a selected value;

• Frequency Divider—selectable frequency division by 1 or 2 with delay dFD;
• Two tri-state buffers (TSB) with delays dTSB;
• Clock signal multiplexer with delay dM,
• Phase Comparator—block detecting the phase difference between two periodic signals;
• Digital Controller block—marked grey block in Figure 3 with respective control signals;
• Communication bus between Controller blocks-marked violet in Figure 3.

Phase
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Div

Control

δID δDF δFA δAC δCB δBO

δCPC

δAP δBN

δPM δNM

δPO δNO

δMPC

dFD
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Figure 3. Concept diagram of two daisy chained clock phase alignment systems with connections
and component delays marked.

The diagram also includes external connection delays marked dS and dB. These are
unidirectional and bidirectional connections, respectively, between the two connected nodes.
There are several initial assumptions that led to the development of the presented design:

• Theoretically unlimited number of systems to be phase-aligned. Only physical con-
straints should limit the maximum number of nodes. Figure 3 depicts only two nodes
to simplify the diagram. Additional nodes can be daisy-chained as needed.

• Each system contains the same phase-alignment block.
• Isotropic propagation delays for bidirectional connections.
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All of the following calculations are performed relative to the common phase point
(CPP) denoted in Figure 3. However, after the calibration, all points across all interconnects
connected with the CPP are phase aligned with equivalent points in other nodes. The two
connected nodes are phase-aligned when the phase shifter delay Dtarget in the subsequent
node compensates for the delay between the nodes’ CPPs. This can be described using
equation (with T marking the period of a signal for synchronization):

Dtarget = −(dCB + dBO + dS + dID + dDF + dFD + dFA + dAC) (mod T) (1)

In order to simplify the calibration, an additional constraint, affecting internal routing,
as well as the FPGA resource selection or ASIC layout, had to be imposed on the internal
connections delays of the presented design. Its purpose is to reduce the complexity of
the equation system that is necessary to solve for phase alignment. The constraint can be
described using equation:

dAP + dNM = dBN + dAC + dCB + dPM (2)

Using an example from Figure 3, the value of phase shifter delay D can be determined
using a five-stage calibration procedure:

2.1. Stage 1 of the Calibration Procedure

The first stage of the calibration procedure is executed in the subsequent node (marked
as Node 1 in Figure 3). During this stage, the clock signal is transmitted from the Node 0 to
the Node 1 using two parallel channels: unidirectional and bidirectional, with the divisors
of both frequency divider blocks set to one. The Node 1 shifts the phase of the received
signal using the phase shifter module until the phase offset of the input signals of the
Node 1 phase comparator’s is at its minimum (closest to zero). The established phase shift
D1 is stored for later processing. The described calibration stage can be expressed using the
following equation:

D1 = dCB + dBN + dTSB + dNO + dB + dPO + dPM + dM + dMPC

− (dCB + dBO + dS + dID + dDF + dFD + dFA + dAC + dCPC) (mod T)
(3)

2.2. Stage 2 of the Calibration Procedure

The second stage of the calibration procedure differs from the previous stage only in
the divisor value of the Node 0 frequency divider. Therefore, calibration stage 1 is repeated
using a signal with two times lower frequency compared to the original. The reason for
using this two times slower clock is explained in Section 2.5. This calibration stage can be
expressed using the following equation:

D2 = dCB + dBN + dTSB + dNO + dB + dPO + dPM + dM + dMPC

− (dCB + dBO + dS + dID + dDF + dFD + dFA + dAC + dCPC) (mod 2T)
(4)

2.3. Stage 3 of the Calibration Procedure

The third stage of the calibration procedure is executed partially in Node 0 and partially
in Node 1. During this stage the clock signal is transmitted from Node 0 to Node 1 using
a unidirectional channel (with delay marked dS in Figure 3) and directed back to Node 0
using a bidirectional channel (with delay marked dB in Figure 3). Similarly to in stage 1, the
divisors of both frequency divider blocks are set to one during this calibration stage. The
Node 1 shifts the phase of a received signal using the phase shifter module until the phase
offset of the input signals of the Node 0 phase comparator is at its minimum (closest to zero).
The established phase shift D3 is stored for later processing. The described calibration stage
can be expressed using the following equation:
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D3 = dCPC − (dCB + dBO + dS + dID + dDF + dFD + dFA + dAP

+ dTSB + dPO + dB + dNO + dNM + dM + dMPC) (mod T)
(5)

2.4. Stage 4 of the Calibration Procedure

The fourth stage of the calibration procedure differs from the previous stage only in
the divisor value of the Node 0 frequency divider. Therefore, calibration stage 3 is repeated
using a signal with two times lower frequency compared to the original. This calibration
stage can be expressed using the following equation:

D4 = dCPC − (dCB + dBO + dS + dID + dDF + dFD + dFA + dAP

+ dTSB + dPO + dB + dNO + dNM + dM + dMPC) (mod 2T)
(6)

2.5. Stage 5 of the Calibration Procedure—Calculating the Final Phase Shift Value

The target phase shifter value estimate is calculated by solving a system of equations
constructed using Equations (2), (3), and (5). The simplified result can be expressed using
the following equation:

D1 + D3 = −2(dAC + dCB + dBO + dS + dID + dDF + dFD + dFA) = 2Dtarget (mod T) (7)

To solve Equation (7) a modular multiplicative inverse must be calculated. Mathemati-
cally, a multiplicative inverse for a class [a] ∈ Zn is a class [b] ∈ Zn such that [a][b] = [1].
A class [a] ∈ Zn is a unit if it has a multiplicative inverse in Zn. Additionally, [a] is a unit
in Zn if and only if a and n are coprimes (if gcd(a, n) = 1). As a result, if n is a composite
number, then division by non-zero classes is not always possible. This can also be defined
algebraically as Zn being a ring, but not a field [17].

In the case of Equation (7), none of the variables can be assumed as relatively prime,
and the signal period T cannot be assumed as prime (non-composite). Because of this,
Equation (7) has two general results:

D1 + D3

2
= Dtarget (mod T) ∨ D1 + D3

2
= Dtarget +

T
2

(mod T) (8)

The two results have a 180◦ offset. However, it turns out that the described mathe-
matical problem can be solved by repeating the calculations in modulo 2T. For this, the
previously mentioned results obtained for the two times slower clock signal are needed.
The simplified result of the equation system constructed using Equations (2), (4) and (6)
can be expressed using the following equation:

D2 + D4 = −2(dAC + dCB + dBO + dS + dID + dDF + dFD + dFA) = 2Dtarget (mod 2T) (9)

Equation (9) can be solved similarly to Equation (7) and produces two general solutions:
D2 + D4

2
= Dtarget (mod 2T) ∨ D2 + D4

2
= Dtarget + T (mod 2T) (10)

It can be noticed that Equations (8) and (10) share one common result (up to modulo
value), which corresponds to the intended value of the delay between the CPPs of the
two nodes. It is worth noting that the differences between the correct result and the two
false results (presented in Equations (8) and (10)) that are equal to T

2 and T should provide
enough margin for inaccuracies and allow correctly determining the two phase shifter
estimates with the closest values.
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Depending on the implementation, satisfying the internal connection delay constraint
given in Equation (2) might not be critical, e.g., when the sum of delay values is significantly
less than clock period value. However, this work describes a general case, when such
an assumption cannot be made. Additionally, as described in Section 3.5, the sum of
internal delays included in the constraint in the implemented proof-of-concept design may
correspond to the period of a 350 MHz clock signal. Clock signal frequency values of this
order of magnitude are often encountered in practice.

The previously mentioned communication bus between the nodes is used to ensure
that both nodes correctly transition to the required calibration stages and transmit the result
of the phase comparator operations from Node 0 to Node 1.

2.6. Phase Comparison

The primary function of the phase comparator block is to detect whether the two input
signals of the same frequency are in phase and to indicate this to the digital controller. The
information about the exact value of phase difference is not an issue at this stage. The phase
comparison can be performed in multiple different ways; e.g., the charge-pump based
phase detector used in PLLs [18], a stochastic frequency–phase detector [19], XOR-based
phase detector [20], dual mixer time difference (DMTD) [21], or digital dual mixer time
difference (D-DMTD) [22]. This work utilizes a TDL-based phase detector [23], which will
be discussed further in Section 3.6. Some types of phase detectors can only be used in
ASICs, and others are instead used in FPGAs. Any of the mentioned phase detectors could
theoretically be implemented in the presented phase alignment system. However, the list
of phase comparators that could be used in conjunction with the presented system is not
limited to the ones listed in the text.

2.7. Concept Simulations

Prior to hardware proof-of-concept implementation, general mathematical simulations
utilizing only functional behavioral models were conducted to find out whether the pre-
sented mathematical model is correct. The simulations were implemented and performed
in GNU Octave [24] as well as Verilog HDL. Figure 4 depicts a graphical representation of
an example mathematical simulation result. The diagrams depict a sum of partial delays,
constituting the total delay between the CPPs, in modulo T and 2T. An additional diagram
illustrates four calculated estimates. The overlap between two of them corresponds to the
actual total delay between the CPPs. The calculations were performed multiple times—each
time with randomly selected values of each delay, as well as the clock period. During each
of over 1000 simulations, the correct phase shift value was selected.

To further verify the concept, a digital simulation containing random interconnect
and component delays was created. A behavioral model of each component was imple-
mented, with parameterized transmission delay values. To verify the capability of the phase
alignment system to synchronize multiple nodes, the simulated daisy-chain connection
consisted of 10 separate instances. All instances were connected similarly to the diagram
presented in Figure 3. The results further confirmed the viability of the concept, even for
multiple daisy-chained systems. They also confirmed the initial conclusion that the final
alignment precision depends on the phase shifter resolution, as well as the precision of the
performed calculations. Another conclusion was that, theoretically, the total misalignment
in a chain of multiple nodes can be reduced. The calibration algorithm could be modified
to additionally use the previous nodes’ calculation results. Consequently, in the worst case,
the alignment error accumulation would be reduced. The behavioral simulations were
described and published in [16].
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Figure 4. An example graphical representation of a mathematical simulation result.

3. Hardware Proof of Concept Implementation

The concept architecture is designed to be applicable to ASIC as well as FPGA designs.
The latter offer lower cost and quicker development at the cost of less customizability.
Initially, the feasibility of a successful implementation of the presented concept in an FPGA
was questionable, e.g., due to the internal connection delay constraint given in Equation (2).
To address and confirm or disprove these concerns, an FPGA was selected for the proof-
of-concept design platform. Additionally, to verify the possibility of the whole concept
implementation using FPGA chips only, no additional active components were used in the
operated signal paths.

A commercially available Digilent Arty A7-35T [25] development board was selected as a
target device for the concept implementation. The platform uses an AMD/Xilinx Artix 7 35T
FPGA—specifically the XC7A35TICSG324-1L FPGA chip. This modern FPGA family is designed
in a 28 nm process [26] and is a relevant example of the currently available FPGA technologies.

3.1. Pmod Adapter PCB

To ensure the best possible conditions for transmitting signals between development
boards, a dedicated custom PCB adapter was designed. A 3D model of the PCB is presented
in Figure 5. Its primary function is to transmit/receive clock signals used for phase
alignment procedure using SMA connectors and traces with 50 Ω impedance. Additionally,
FPGA LVCMOS drivers were configured to 8 mA drive strength for output impedance of
approximately 50 Ω according to [27].

Unfortunately, the Arty A7 development board does not include termination resis-
tors near the FPGA pins. Therefore, a Thevenin termination (suggested in [27]) had to
be included on the additional Pmod adapter, which is not ideal from a signal integrity
perspective. The actual transmission lines are composed of SMA cables, SMA to Pmod
traces on the adapter PCB, and Arty A7 Pmod connector to FPGA pins traces. Because
of this, the maximum supported signal frequency had to be verified by comparing the
signal transmitted to and from the FPGA using an oscilloscope. The maximum reliable
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operational frequency was established as 50 MHz. According to the timing report generated
by Vivado, the implemented clock phase alignment system supported at least 400 MHz
(constraints for higher frequencies were not verified). It should be noted that the maximum
operational frequency is constrained by the signal integrity of the PCB, and this could be
improved with a different hardware implementation, e.g., splitting the transmission lines
using additional external buffers.

Figure 5. Three-dimensional model of the designed Pmod to SMA adapter PCB.

Additionally, the designed PCB adapter also includes connectors for an SPI communi-
cation interface between the connected nodes, additional LEDs, a button, and a two digit
7-segment display to monitor and control the status of operation.

3.2. Clock Forwarding

In general, FPGA chips include clock-capable input pins, but clock output pins are not
specified by default. This limitation can be overcome using the clock forwarding technique
described in [28]. It uses double data-rate (DDR) registers with constant and opposite data
inputs. The clock signal, instead of being directly routed to the output buffer, connects to
the DDR register’s clock input. A schematic diagram of this concept is depicted in Figure 6.

ODDR

C
CE
D1
D2
R
S

Q

OBUF

⊠
output pin

clock in

Figure 6. Diagram of the clock forwarding technique used in FPGA designs (adapted from [28]).

3.3. FPGA Implementation of Clock Phase Alignment System

In order to ensure the widest possible frequency range support, as well as the lowest
additional jitter possible, the phase alignment system components (excluding the blocks re-
sponsible for the controlling functionalities) had to be implemented using FPGA dedicated
clocking resources. This type of implementation removes the timing limitations typical to
digital circuit design. In contrast, the usage of standard FPGA fabric and resources would
require complicated correction circuits, similarly to delay generators [29].

The usage of FPGA dedicated clocking resources does not necessarily impose an
additional operational frequency range limit over the actual FPGA components limits.
In the case of the FPGA chip used for this work, the operational frequency is limited
by the mixed-mode clock manager (MMCM) block and BUFG buffers. The input clock
frequency of the former is in the range between 10 MHz and 800 MHz, while the maximum
frequency of the latter is 464 MHz [30]. Practically, the minimum operational frequency
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of the phase alignment system equals 20 MHz, because it utilizes a signal with two times
lower frequency during the calibration procedure. Additionally, as previously stated, the
adapter PCB with no additional buffers limited the actual maximum frequency of the
proof-of-concept setup to 50 MHz.

Figure 7 depicts a simplified diagram of the clock phase alignment system using FPGA
resources. For phase shifting functionality, the MMCM block (marked MMCM_A in the
Figure 7) is used. It is configured such that the CLKOUT0 output port always replicates the
input frequency and the CLKOUT1 port always outputs a two times lower frequency. These
two signals are then multiplexed using a global clock mux buffer (BUFGMUX), effectively
creating a selectable frequency divider. The clock outputs are implemented using the clock
forwarding technique with bi-directional buffers (IOBUF) or a simple output buffer (OBUF),
depending on the output pin. An additional reference output pin was implemented to
monitor and compare the signals using an external oscilloscope. In order to minimize
the signal jitter, the multiplexer from the concept diagram in Figure 3 was replaced with
an additional MMCM (marked MMCM_B in Figure 7), utilizing both its clock inputs.
This block is also always configured such that the CLKOUT0 output port replicates the
input frequency.

MMCM_A

CLKFBIN
CLKIN1
CLKIN2
DRP
CLKINSEL

CLKFBOUT
CLKOUT0
CLKOUT1

BUFG

IBUF

⊠

BUFGMUX
ODDR_SO

C
CE
D1
D2
R
S

Q

OBUF

⊠

ODDR_ref

C
CE
D1
D2
R
S

Q

OBUF

⊠

ODDR_N

C
CE
D1
D2
R
S

Q

OBUFT

IBUF

⊠

IOBUF_N

ODDR_P

C
CE
D1
D2

R
S

Q

OBUFT

IBUF

⊠

IOBUF_P

MMCM_B

CLKFBIN
CLKIN1
CLKIN2
DRP
CLKINSEL

CLKFBOUT
CLKOUT0
CLKOUT1

BUFG

BUFG

Phase
Comparator

DRP
Controller Controller

SPI
Controller ⊠

Figure 7. Simplified block diagram of a single clock phase alignment system implemented in FPGA.

3.4. MMCM Configurations

In 7 Series FPGAs, the MMCM blocks serve as jitter filters and frequency synthesizers
for a wide range of frequencies. The internal phase-frequency detector (PFD) compares the
phase and frequency of the rising edges of both the input (reference) clock and the feedback
clock. The PFD is used to generate a signal that drives the charge pump (CP) and loop filter
(LF) to generate a reference voltage to the voltage controlled oscillator (VCO). Each of the
multiple VCO output phases can be selected as the reference clock to the output counters.
Additionally, the MMCM contains a special counter controlling the feedback clock of the
MMCM. As well as the phase shifts, each counter can be independently programmed [31].

The relationships between input, output, and VCO operating frequency are deter-
mined by the following equations [31]:

FVCO = FCLKIN
M
D

(11)
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FOUT = FCLKIN
M

D · O
=

FVCO
O

(12)

where the values of M, D, and O counters correspond to

• M—a VCO clock multiplier, equal to CLKFBOUT_MULT_F setting.
• D—a division ratio for all output clocks, equal to DIVCLK_DIVIDE setting.
• O—a division ratio for individual clock output, equal to CLKOUT0_DIVIDE_F or

CLKOUT[1:6]_DIVIDE settings.

The output clock phase shift in the MMCM is implemented using two mechanisms:
coarse phase shifting and a delay time counter. The coarse phase shifting has a resolution
of 45◦ relative to the VCO clock period and the delay time counter delays the output by
a given number of VCO clock cycles. As a result, there is a direct correlation between the
possible phase shift for the clock output, the VCO clock frequency, and the a division ratio
for the individual output. The maximum delay time counter phase offset is 64 VCO clock
cycles [32].

During the proof-of-concept verification, all MMCMs were configured to generate the
maximum supported VCO frequency. In the case of the FPGA chip used for this work,
the MMCM VCO frequency must be in range between 600 MHz and 1200 MHz [30]. As
a result, the maximum phase shifting resolution is ensured. What is more, the MMCM
operates within the specified VCO frequency range during calibration stages when the
signal with two times lower frequency is used, without changing configuration parameters.
A set of MMCM parameters that provide the described behavior are listed in Table 1.

Table 1. MMCM parameter values for input frequency replication with maximum VCO frequency
(integer frequencies up to 50 MHz).

Input &
Output

Frequency

M 1

Parameter
Value

D 2

Parameter
Value

O 3

Parameter
Value

Number of
Phase Shift

Steps

Theoretical
Phase Shift
Resolution

20 MHz 60 1 60 256 195.3125 ps
24 MHz 50 1 50 256 162.7604 ps
25 MHz 48 1 48 256 156.2500 ps
30 MHz 40 1 40 256 130.2083 ps
40 MHz 30 1 30 240 104.1667 ps
48 MHz 25 1 25 200 104.1667 ps
50 MHz 24 1 24 192 104.1667 ps

1 M corresponds to the CLKFBOUT_MULT_F setting; 2 D corresponds to the DIVCLK_DIVIDE setting; 3 O
corresponds to the CLKOUT0_DIVIDE_F or CLKOUT[1:6]_DIVIDE setting.

The DRP (dynamic reconfiguration port) controller module pictured in Figure 7 is
based on the Xilinx Application Note [32] and a corresponding reference design. It is re-
sponsible for configuring the MMCMs. The DRP controller was used to update the MMCM
parameters before changing the clock signal frequency during verification, eliminating
the need to reconfigure the FPGA chips to enable support for different MMCM input
frequencies. The other usage for the DRP controller was to selectively phase shift the
signals. A similar DRP controller (with no phase shifting capability) was connected to the
MMCM_B block. To simplify the Figure 7, the latter DRP controller was omitted from the
diagram, as it does not serve any role in the actual phase alignment system calibration.

As previously stated, the MMCM multiplier and division parameters are constant dur-
ing the whole calibration procedure. However, these could be changed during calibration
stages when the signal with two times lower frequency is used. This should enable the
usage of any input signal frequency (compared to those listed in Table 1). To simplify the
design, this option was omitted and could be another interesting topic for further research.
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3.5. Satisfying the Internal Connection Delay Constraint

One of the biggest obstacles during implementation in the FPGA structure was ensur-
ing that the internal connection delay constraint given in Equation (2) was satisfied with
acceptable precision. Achieving this across all four PVT timing corners made this task even
more difficult.

By using a combination of deliberate port selection, direct resource instantiation, and
manual placement and routing of the phase alignment system components (excluding the
controller block), the goal was finally achieved. These methods give a designer total control
over the synthesis tool, prevent optimizations, and enable implementation of features not
possible to implement otherwise [33]. Table 2 depicts the actual route delays reported by
Xilinx Vivado for all timing corners.

Table 2. Internal connection delays reported by Xilinx Vivado with total values for internal connection
constraints for four PVT corners.

Net Source Net Target FAST_MAX
Corner

FAST_MIN
Corner

SLOW_MAX
Corner

SLOW_MIN
Corner

MMCM_A.CLKOUT0 BUFGMUX.I0 534 ps 489 ps 1666 ps 1587 ps
MMCM_A.CLKOUT1 BUFGMUX.I1 534 ps 489 ps 1666 ps 1587 ps

BUFGMUX.out ODDR_P.C 846 ps 576 ps 1649 ps 1507 ps
ODDR_P.Q IOBUF_P.I 2 ps 2 ps 2 ps 2 ps

BUFGMUX.out ODDR_N.C 847 ps 577 ps 1651 ps 1509 ps
ODDR_N.Q IOBUF_N.I 2 ps 2 ps 2 ps 2 ps
IOBUF_P.O MMCM_B.CLKIN1 480 ps 440 ps 1233 ps 1162 ps
IOBUF_N.O MMCM_B.CLKIN2 480 ps 440 ps 1233 ps 1162 ps

dAP + dNM 1328 ps 1018 ps 2884 ps 2671 ps
dBN + dAC + dCB + dPM 1329 ps 1019 ps 2886 ps 2673 ps

It is worth emphasizing that the inaccuracy in satisfying the internal connection delay
constraint varied from 1 ps to the maximum of 2 ps across all PVT corners.

3.6. Phase Comparator

The phase comparator module is based on the same architecture as the relative jitter
measuring system presented in [34] and is depicted in Figure 8. The main part of the module
consists of two symmetrical tapped delay lines (TDLs) implemented as carry chains in the
FPGA. This carry chain implementation of TDLs is common in time to digital converter
(TDC) designs, e.g., in [29,35–38]. In the case of this work, each TDL contained 256 taps.
The output of each tap was connected to a synchronizer consisting of a latch and a flip-flop,
synchronizing the delayed signal to a system clock domain. The reason for using a latch and
flip-flop architecture over the typical two consecutive flip-flops was to reduce the effects of
metastability, as described in [34]. The registered TDLs’ taps effectively created a temporary
snapshot of an input signal being transmitted through the delay line. The stored values were
mutually compared using an array of XOR gates connected to the synchronizers’ outputs. As
a result, the output vector of the XOR gates was equivalent to the input signal misalignment.

The placement of the TDLs was manually selected so that the delays of both TDLs
matched (across all taps) and the system clock source was matched to each corresponding
flip-flop delay. All of the aforementioned delay requirements were precisely matched for
all four process corners reported by Xilinx Vivado (with 1 ps precision). Until the very last
interconnects to the flip-flops in the slices, the system clock signal was transmitted using
the same path, as depicted in Figure 9. These results suggest that the selected logic cells
and their interconnects are the closest implementation of two mirrored and symmetrical
TDLs that is possible to achieve in this FPGA chip.
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Figure 8. Simplified diagram of TDL-based phase comparator architecture.

Figure 9. Selected section of an implemented device, illustrating the system clock to TDL flip-flops
connection. The orange elements are parts of the TDLs.

A finite impulse response, moving average (MA) filter was used for smoothing the
stream of XOR-ed differences. This type of filter was selected due to its sharper step
response [39] compared to other types of filters. Additionally, it is quite simple in design as
well as in implementation.

Unlike the design described in [34], the phase comparator does not contain a transition
detection circuit. The module performance was verified using two outputs of the same
MMCM block connected to two inputs of the phase comparator using similar nets of the
same total delay reported by Vivado. Both MMCM output signals were always configured
with the same multiplier and divider parameters, to generate the same frequency. One of
the outputs was phase shifted in a 256-step range using a DRP controller—as described in
Section 3.4.

Figure 10 presents a comparison of the phase comparator module’s output range across
different filter lengths and input clock signal frequencies. The tests of the module showed
that filtering samples of XOR-ed differences with an adequate filter length produced a
more linear and monotonic representation of the phase shift between the input signals. The
worst performance phase offset detection was observed for the 50 MHz input clock signal
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frequency—as depicted in the Figure 10d. However, the 65,536 filter length significantly
improved the differentiability between phase shifts—especially close to 0◦ and 180◦ phase
offsets. On the other hand, the range of MA filter output values for phase shifts close to
90◦ and 270◦ varied significantly, even for the 65,536 filter length. This effect was probably
caused by the total TDL delay being comparable to the input signals’ frequency. The phase
comparator architecture is potentially an interesting topic for further research, especially
including higher frequencies of compared signals.
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(a) 20 MHz input clock signal frequency.
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(b) 30 MHz input clock signal frequency.
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(c) 40 MHz input clock signal frequency.
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Figure 10. Comparison of phase comparator module performance for different input clock signal
frequencies.

4. Verification and Measurement Methodology

The concept was verified using three separate instances of the Arty A7 board, each
with a Pmod adapter PCB (described in Section 3.1) attached and connected using SMA
cables for clock signals, as well as separate 4 wire cables for SPI bus. The primary clock
signal used for synchronization was generated using a Si5351 clock generator. Its maximum
output jitter equaled 100 ps peak-to-peak [40]. The system clock frequency was set to
50 MHz and was generated from an on-board oscillator. A simplified block diagram of a
verification and measurement testbench setup is depicted in Figure 11. For each measured
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case, the calibration procedure was performed once and measurements were started after
its completion.

clock
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Node 0
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USB

Arty A7

Node 2

Figure 11. Simplified diagram of verification and measurement testbench setup.

As described in Section 3.3, the measurements were performed using an additional
reference output (presented in Figure 7) connected to an external oscilloscope. Before
the node calibration procedure and final phase shift measurements, the state of reference
signals was observed to confirm the initial phase offset between each node.

Additionally, before the synchronization clock frequency change, the MMCM blocks’
parameters were reconfigured using the DRP controllers (mentioned in Section 3.4). All of
the utilized MMCMs parameters values are listed in Table 1. Each nodes’ MMCM current
multiplier and divider parameters are displayed on a two digit 7-segment display located
on the adapter PCB of each node. This allows the user to monitor if the MMCMs are
configured for the same input signal frequency.

5. Results

The proof-of-concept design was evaluated in multiple cases, using four different
configurations of two 50 Ω SMA cables: 0.5 m and 1.0 m. Additionally, multiple frequencies
of synchronizing clock signal were verified for each configuration. The difference in length,
and therefore in signal delay, was easily noticeable in the oscilloscope waveform. Figure 12
depicts a waveform comparison of three node 20 MHz clock signals before and after
synchronization. Combined, these various test conditions covered a wide range of potential
cases. The same absolute length (and therefore propagation delay) of connection between
the nodes resulted in different compensation values for different signal frequencies. Table 3
presents the obtained results for the phase offset (skew) between nodes after the calibration
procedure. The presented measurements were averaged over at least 10,000 samples.

The measurements presented in Table 3 are comparable to the white rabbit project’s
results. The accuracy of the white rabbit project is the mean of the offset between the
nodes’ outputs, while the precision is the standard deviation of this offset [2]. Using the
same measures, the presented work achieved sub-nanosecond accuracy and a hundreds of
picoseconds precision of synchronization. These results are similar to the white rabbit’s
results. It should once again be noted, however, that this work achieved these results for
significantly less complex applications and cases compared to the white rabbit protocol.
Additionally, it is worth mentioning that the presented solution covers only clock signal
phase alignment capability and not time synchronization like is provided in the white
rabbit protocol.
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(a) Before phase alignment. (b) After phase alignment.

Figure 12. A sample waveform comparison of three nodes’ reference signals before and after
synchronization for the 20 MHz clock signal.

Table 3. Measured actual phase offset (skew) for multiple synchronizing clock signal frequencies and
connection cable lengths.

Frequency
Unidirectional

Connection
Cable

Bidirectional
Connection

Cable

Measured Nodes 0–1 Phase Offset Measured Nodes 0–2 Phase Offset

Mean Standard
Deviation Mean Standard

Deviation

20 MHz

0.5 m 0.5 m 84.4 ps 91.1 ps 66.1 ps 81.1 ps
0.5 m 1.0 m 30.3 ps 121.2 ps 212.1 ps 142.8 ps
1.0 m 0.5 m 202.8 ps 124.4 ps 117.2 ps 103.2 ps
1.0 m 1.0 m 108.9 ps 121.5 ps 50.2 ps 95.0 ps

30 MHz

0.5 m 0.5 m 98.3 ps 353.6 ps 219.8 ps 297.6 ps
0.5 m 1.0 m 176.6 ps 180.8 ps 27.8 ps 189.5 ps
1.0 m 0.5 m 105.1 ps 371.2 ps 46.5 ps 360.8 ps
1.0 m 1.0 m 29.0 ps 263.8 ps 112.9 ps 276.2 ps

40 MHz

0.5 m 0.5 m 39.7 ps 245.2 ps 133.2 ps 268.9 ps
0.5 m 1.0 m 106.4 ps 223.4 ps 102.6 ps 220.9 ps
1.0 m 0.5 m 152.7 ps 272.2 ps 16.2 ps 262.5 ps
1.0 m 1.0 m 223.5 ps 211.8 ps 38.9 ps 247.1 ps

50 MHz

0.5 m 0.5 m 312.3 ps 108.2 ps 364.9 ps 142.9 ps
0.5 m 1.0 m 58.7 ps 208.6 ps 135.3 ps 188.1 ps
1.0 m 0.5 m 112.7 ps 154.7 ps 15.3 ps 182.8 ps
1.0 m 1.0 m 180.3 ps 160.1 ps 79.9 ps 175.9 ps

By comparing the measured mean phase offsets to the theoretical phase shift resolution
for each input clock signal frequency presented in Table 1, it can be concluded that the
maximum error in the final phase shift selection equaled 2 steps.

5.1. Comparison with Periodic Pulse Realignment

The presented work’s precision and accuracy can be compared to the commonly used
periodic realignment to a received synchronization pulse method described in Section 1.
For accurate comparison and an example of a potential application, an additional 100 kHz
pulse-width modulation (PWM) signal was generated in a 20 MHz clock domain in each
node separately. A common periodic synchronization pulse was transferred to all nodes.
The PWM signals’ phase alignment was compared in three different cases:

• A separate 20 MHz clock domain in each node, derived independently from each
node’s external oscillator.

• A common, syntonized 20 MHz clock domain in each node, derived from the daisy-
chained clock connection, with no phase alignment.

• A common, syntonized, and phase aligned 20 MHz clock domain in each node, derived
from the daisy-chained clock connection.
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In all cases, the 100 kHz PWM signal was phase aligned using a standard periodic pulse
realignment method to a common synchronization pulse. Additionally, both the PWM sig-
nal and synchronization pulse were generated in the same clock domain. Figure 13 depicts
the waveforms focused on 100 kHz PWM signal rising edges, as well as measurements for
each aforementioned case. All waveforms were captured using a continuous oscilloscope
trigger to visually display the difference between each type of synchronization method.

(a) (b)

(c)

Figure 13. Waveform and skew measurement comparison of three types of synchronization of
100 kHz PWM signals generation across three separate nodes. (a) Standard periodic pulse realignment
with PWM signals generated in separate 20 MHz clock domains; (b) PWM signals generated in a
syntonized and not phase aligned 20 MHz clock domains across all nodes; (c) PWM signals generated
in a syntonized and phase aligned 20 MHz clock domains across all nodes.

As expected, the periodic pulse realignment with independent clock domains achieved
the worst results, with a phase alignment accuracy of approx. 9–10 ns and precision of
approx. 14–15 ns. These results are below a 20 MHz clock period. The precision improved
by 2–3 orders of magnitude using a syntonized 20 MHz clock domain with no phase-
alignment for the 100 kHz PWM signal generation. The addition of clock domain phase
alignment further improved the precision and accuracy of the synchronized PWM signal
generation to tens of picoseconds and less than 200 ps, respectively.

Additionally, it is worth noting that the maximum value of the measured misalignment of
the generated 100 kHz PWM signal equaled approx. 50 ns for the periodic pulse realignment
with independent clock domains (as depicted in Figure 13a), compared to less then 500 ps for
the syntonized and phase aligned 20 MHz clock domain (as depicted in Figure 13c).

The presented solution is more complex and requires noticeably more effort during
implementation, compared to the standard periodic pulse realignment method. This is
caused by the internal connection delay constraint given in Equation (2), which requires
deliberate port selection, as well as manual placement and routing of several resources.
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5.2. Resource Utilization

The clock signal phase alignment system proof-of-concept requires a small amount
of the FPGA resources of the selected FPGA chip, even without any optimization. This is
especially notable as the AMD/Xilinx Artix 7 35T is one of the least resourceful modern
FPGA chips available on the market. Table 4 depicts the actual resource utilization of the
implemented design. It shows that the presented design could be easily implemented on
the AMD/Xilinx Artix 7 12T—the FPGA chip from the same family, containing the lowest
amount of resources [41].

Table 4. Resource utilization of implemented proof-of-concept design.

Resource Total Used Available Utilization [%]

LUT 3812 20,800 18.33
FF 2004 41,600 4.82

BRAM 18 50 36.00
DSP 0 90 0.00

MMCM 3 5 60.00

A detailed breakdown into subcomponents is presented in Table 5. The MMCM
DRP controller module (with phase shifting capabilities) employs the highest amount of
logic resources. This component can be relatively easily modified to implement a ROM
with additional control, which would further reduce the logic utilization at the expense of
BRAM usage. This could theoretically even enable the implementation of the presented
design in the smallest available Spartan 7 FPGA [41]. As expected, the controller module
required minimal FPGA resources. The phase alignment system and calibration algorithm
(described in Section 2) are closely related and enable very efficient implementation of
digital calculations and calibration control.

The presented proof-of-concept design includes SPI-based communication controllers
(both master and slave) for data exchange between nodes during the calibration procedure.
In a typical application, a communication bus (not necessarily SPI) between nodes would
already be present and could be used for the phase alignment calibration. As previously
described, the amount of data transmitted during calibration is minimal and there are no
requirements in terms of transmission throughput, latency, etc. Practically any available
communication method (e.g., APB, AXI, SPI, I2C, including custom interfaces) could be
used for this task, by providing access to several control and status registers (CSRs) used
by the calibration controller.

Furthermore, several of the components included in the proof-of-concept design
(listed in Table 5) are either general and universally utilized in most (if not all) of the FPGA
applications (such as clk_rst_gen or debouncer modules) or are purely for verification
purposes (such as SR_595_handler or seg7_CC_handler modules). In practical applications,
alongside the main set of functionalities in an FPGA chip, these modules would either
already be implemented independently or not be required at all.

Additionally, in applications requiring a single, known in advance frequency of the
synchronization clock signal, the MMCM_B_DRP_ctrl module would not be required, as
no MMCM parameters would need to change. What is more, the MMCM_A_DRP_ctrl
module resource utilization would be reduced significantly for the same reason. Only
phase shifting capabilities would be required in this case.

In summary, the total resource utilization of the presented phase alignment system
could be further reduced with no significant effort, depending on the application details.
The general concept implementation also has space for optimization; however, the initial
results are already very promising in this regard.
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Table 5. Detailed resource utilization of implemented proof-of-concept design, divided into modules.

Module LUT FF BRAM DSP MMCM

PhaseAlignSystem 438 1120 18 0 2
PhaseComparator 437 1120 18 0 0

DelayLine_A 0 512 0 0 0
DelayLine_B 0 512 0 0 0
MA_filter 56 84 18 0 0

Controller 353 179 0 0 0
Controller_master 344 161 0 0 0
Controller_slave 9 18 0 0 0

MMCM_A_DRP_ctrl 2645 165 0 0 0
MMCM_B_DRP_ctrl 55 55 0 0 0
Communication_ctrl 210 332 0 0 0

SPI_master 66 152 0 0 0
SPI_slave 17 38 0 0 0

clk_rst_gen 18 17 0 0 1
debouncer 15 14 0 0 0
SR_595_handler 18 23 0 0 0
seg7_CC_handler 70 94 0 0 0

5.3. Resource Utilization Comparison with the White Rabbit

Due to lack of other comparable examples, Table 6 presents comparison of this work’s
resource utilization with the white rabbit switch and node designs. Each compared design
uses different FPGA chips, but the comparison is adequate as all of the compared FPGA
platforms were designed by the same company (AMD/Xilinx), and include 6-input look-up
tables (LUTs) that can be configured as two 5-input LUTs [42–45]. Except for the Spartan-6
FPGA that contains 18 kb Block RAM, which can be divided into two independent 9 kb
BRAMs [42], all compared FPGA chips contain 36 kb Block RAM, which can be divided
into two independent 18 kb BRAMs [43–45].

Compared to either of the white rabbit switch implementations, the presented design
utilizes less than 5% of logic resources, less than 3% of flip-flops, and less than 7% of
BRAM. Compared to the Spartan-6 based white rabbit node reference design, the presented
proof-of-concept utilizes less than 32% of logic resources, less than 30% of flip-flops, and
less than 63% of BRAM. However, the white rabbit system requires both WR switches and
nodes in order to operate. In contrast, the presented phase alignment system utilizes the
same synchronization design for all nodes.

Table 6. Resource utilization comparison with white rabbit switch and node.

Resource This Work White Rabbit Switch
(WRS) [46]

White Rabbit Switch
(WRS) [47]

White Rabbit Node
Reference Design [48]

Artix-7
(XC7A35TICSG324-

1L)

Zynq UltraScale+
MPSoC (XCZU11EG-

1FFVC1156E)

Virtex-6
(XC6VLX240T)

Spartan-6 (XC6SLX45T-
3FGG484)

LUT 3812 209,514 96k 8956
FF 2004 197,993 82k 6791

BRAM (18 k) – – – 57.5 1

BRAM (36 k) 18 2 517.5 2 286 2 –
DSP 0 3 no information 3

MMCM/PLL 3 3 no information 2
1 Spartan-6 FPGA includes 18 kb BRAM that can be optionally programmed as two independent 9 kb BRAM [42];
2 Zynq UltraScale+ MPSoC, 7 Series, and Virtex-6 FPGAs include 36 kb BRAM that can be optionally programmed
as two independent 18 kb BRAM [43–45].

6. Conclusions

The functional verification of the presented hardware proof-of-concept design has
shown that automatic clock signal phase alignment between daisy-chained nodes is possi-
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ble without the use of a separate external control or monitor unit. It was also demonstrated
that the phase alignment system can be implemented using only FPGA resources, with
support for multiple frequencies of synchronization clock signal and with no additional
external active components. Additionally, the obtained results proved that FPGA chips can
successfully be used in applications requiring precise timing relations between individual
components interconnects. However, further verification over long time periods and multi-
ple FPGA chip units, as well as in different temperature conditions is required. Meticulous
resource, as well as interconnecting route and delay, selection enables a relatively simple
and effective implementation of a synchronization algorithm, which requires minimal
resource utilization.

The presented clock signal phase alignment system’s primary application is to enable
the development of generators and sequencer-based systems that can be split into multiple
separate blocks and cooperate with relatively high accuracy and precision. This could lead
to the development of large systems constructed from multiple separate and phase-aligned
devices. As mentioned in Section 1, example applications include sonar and radar systems,
power generators, time-of-flight measurement systems, and more. The presented work
was started as part of a research project of a multi-qubit quantum computer control system.
Additionally, multiple clock generator circuits utilizing the presented concept could be
functionally combined into a single generator, while retaining the ability to place individual
ICs in different PCB locations. In large and sophisticated systems this could lead to PCB
design simplification.

The presented proof-of-concept implementation contains several functionalities for
general verification, such as MMCM frequency multipliers and divider parameter updating.
These parts of the design would probably not be needed in a final application and could
be removed, leading to even lower FPGA resource consumption by the clock signal phase
alignment module.

The results measured after the phase alignment procedure presented in Table 3 indi-
cated no correlation between the achieved skew between each node’s reference signal and
the synchronization clock signal frequency, nor the external connection length between
nodes. The inaccuracies in the final phase alignment were most probably caused by the
following effects:

• Zero phase offset detection precision in phase comparator module;
• Variations in internal interconnect delays comprising Equation (2) across adjacent nodes;
• Variations in buffer delays—specifically the reference signal output buffer, BUFGMUX

and TSBs (all depicted in Figure 7);
• In some cases, the alignment error accumulation across the consecutive daisy-chained nodes.

The phase comparator module’s precision was the most probable cause of the final phase
alignment inaccuracies. Its performance could be improved by more research in this area or
by changing the component’s architecture. As mentioned in Section 2.6, essentially any phase
detector design could be adapted to be used in the presented phase alignment system.

In an ideal case, the internal interconnect delay variations would be minimal. How-
ever, in the case of the presented FPGA proof-of-concept implementation, the theoretical
maximum difference in interconnect delays in Equation (2) in the two separate FPGA chips,
as presented in Table 2, equaled 1.868 ns, which is a significant value. The actual variations
ought to be noticeably smaller, as the crucial interconnects share the exact same physical
interconnects to the greatest extent possible. The results depicted in Table 3 showed that
the actual interconnect delay variations were indeed definitely smaller.

The significant maximum interconnect delay difference was caused by the FPGA
architecture. All FPGA chips use routing resources such as switch boxes. The FPGA routing
architecture is the main culprit in making FPGAs worse than ASIC chips in area, delay,
and power. A typical FPGA routing architecture uses about 70-90% of the total transistors
on the die [49,50]. In the case of the selected Artix 7 35T FPGA, the routing resources did
not support a direct connection from the MMCM block to the ODDR block in the same
clock management tile (CMT). Despite the physical closeness of these two components, the
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MMCM output signals had to be routed via a global buffer (BUFGMUX in the Figure 7).
As a result, the internal clock phase alignment system’s nets were implemented using an
obligatory global buffer and several additional switch boxes. If the FPGA chip had switch
boxes with the option to route a signal from the MMCM output to the ODDR block in the
same CMT, it would be possible to significantly reduce the delay variation, as the metal
interconnect sensitivity to variations is small compared with MOS transistors [51]. For the
same reasons, this source of delay variation, and ultimately the inaccuracies in the final
phase alignment, would be significantly reduced in an ASIC implementation.

The resource utilization of the initial non-optimized implementation enables the
conclusion that the presented clock signal phase alignment module could be successfully
implemented in most (if not all) modern FPGA chips. It can be included in a larger, more
complex system as a separate low-end and relatively cheap FPGA device, or as a submodule
of an existing design implemented in a larger FPGA. The latter would probably be the
preferred option, as applications requiring or benefiting from the accuracy and precision
of the presented results (i.e., compared to the periodic realignment method described in
Section 1) already include at least one FPGA chip with a significant amount of resources,
especially considering the fact that the presented concept does not enforce any additional
requirements for PCB design (such as traces skew), apart from typical signal integrity
aspects. However, having the ability to select a different architecture approach is beneficial
from a system design perspective.

Additionally, the resource-efficient implementation suggests that the presented work
could theoretically be implemented alongside a white rabbit node to enable obtaining the
benefits of both solutions: precise timing synchronization across multiple bigger systems,
as well as the ability to add additional separate precisely phase-aligned subsystems to the
nodes. In effect, even more complex and sophisticated instruments and equipment could
be designed by combining the two techniques.

Potential Further Research

In this work, the proof-of-concept design was demonstrated to work correctly with no
external active components beside an FPGA chip. However, combined with the selected
development board, it became apparent that this was a limiting factor of the maximum
operational frequency of the verification setup. Therefore, the design ought to be verified
with an improved revision of the PCB adapter or a different hardware setup, in order to
measure the performance using higher frequencies of synchronization clock signal.

Another interesting research topic would be the verification of the stability of the phase
alignment in different conditions, such as over a longer time period, with temperature
variations or larger numbers of nodes. Additionally, concept development to support the
tree topology together with daisy-chain topology might be beneficial as well.

The phase comparator module precision seemed to be a limiting factor in the final
phase shift selection accuracy. Further research is planned in this area, to improve the phase
offset detection and reduce the measurement latency caused by MA filter length, without
significantly increasing resource consumption.

7. Patents

The presented clock phase synchronization system and algorithm are a part of a patent
granted by The Patent Office of the Republic of Poland (UPRP): “Layout, system and
method of precise clock phase synchronization. 4 October 2021, Application No. P.439121”.
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Abbreviations
The following abbreviations are used in this manuscript:

ASIC Application-Specific Integrated Circuit
CPP Common Phase Point
DDR Double Data Rate
DRP Dynamic Reconfiguration Port
FPGA Field-Programmable Gate Array
LUT look-up table
MA Moving Average
MMCM Mixed-Mode Clock Manager
PLL Phase-Locked Loop
PTP Precision Time Protocol
PVT Process, Voltage, and Temperature
PWM Pulse-width modulation
TDC Time to Digital Converter
TDL Tapped Delay Line
TSB Tri-State Buffer
VCO Voltage Controlled Oscillator
WR White Rabbit
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